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T E L L U S
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A B S T R A C T
A statistical–dynamical regionalization approach is developed to assess possible changes in wind storm impacts.
The method is applied to North Rhine-Westphalia (Western Germany) using the FOOT3DK mesoscale model for
dynamical downscaling and ECHAM5/OM1 global circulation model climate projections. The method first classifies
typical weather developments within the reanalysis period using K-means cluster algorithm. Most historical wind
storms are associated with four weather developments (primary storm-clusters). Mesoscale simulations are performed
for representative elements for all clusters to derive regional wind climatology. Additionally, 28 historical storms
affecting Western Germany are simulated. Empirical functions are estimated to relate wind gust fields and insured
losses.
Transient ECHAM5/OM1 simulations show an enhanced frequency of primary storm-clusters and storms for
2060–2100 compared to 1960–2000. Accordingly, wind gusts increase over Western Germany, reaching locally +5%
for 98th wind gust percentiles (A2-scenario). Consequently, storm losses are expected to increase substantially (+8%
for A1B-scenario, +19% for A2-scenario). Regional patterns show larger changes over north-eastern parts of North
Rhine-Westphalia than for western parts. For storms with return periods above 20 yr, loss expectations for Germany may
increase by a factor of 2. These results document the method’s functionality to assess future changes in loss potentials
in regional terms.
1. Introduction
Winter storms are one of the most destructive natural hazards
over Central Europe. Unlike tornados or hail, winter storms typ-
ically affect large areas (e.g. several countries), are likely to cost
billions of Euros, and may have huge societal impacts. For ex-
ample, storm Kyrill in January 2007 led to a widespread disrup-
tion of infrastructures, traffic, power shortages over large parts
of Central Europe and claimed a total of 47 lives (Fink et al.,
2009). Its estimated insured losses amount to around 4–4.5 bil-
lion euro (SwissRe, 2008). Such winter storms typically appear
under specific synoptic conditions (e.g. Ulbrich et al., 2001).
For example, Raible (2007) and Pinto et al. (2009b) showed that
extreme cyclones are more frequent in positive North Atlantic
Oscillation (NAO) phases. Pinto et al. (2009b) attributed this
∗Corresponding author.
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DOI: 10.1111/j.1600-0870.2009.00424.x
fact to the wider area with good conditions for cyclone devel-
opment, which extends over the whole North Atlantic (NA) in
positive NAO phases. Recently, Leckebusch et al. (2008, here-
after L08) have shown that a small number of typical weather
developments (named primary storm clusters, PSCs) are associ-
ated with a large number of winter storms over Germany in the
last 50 yr. The obtained classification of weather developments
is valid for Central Europe.
In order to analyse the regional impact of storms, mesoscale
models often include a wind gust parameterization to estimate
surface wind extremes (e.g. Goyette et al., 2003). In particu-
lar, Pinto et al. (2009a) analysed 10 storms affecting Western
Germany between 1990 and 1998 using ERA-40 reanalysis data
(Uppala et al., 2005) as boundary conditions. Pinto et al. (2009a)
used the mesoscale model FOOT3DK (Flow over Orographi-
cally structured Terrain, 3-D Ko¨lner Version 3.10, see Section 3
in this paper for details) with an implemented wind gust estimate
(WGE) after Brasseur (2001). The WGE-method proposes that
surface gusts result from the deflection of air parcels flowing
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higher in the boundary layer brought down by turbulent eddies,
and takes into account the mean wind, the static stability and
the turbulent structure of the atmosphere. Further, it permits the
calculation of a bounding interval for the gust estimate, giving a
range of likely magnitudes. Thus, the estimation of wind gusts
is physically based and not purely empirical.
Many recent studies indicate that large-scale circulation in
general and cyclone activity in particular will be affected by
increasing greenhouse gas forcing (cf. Meehl et al., 2007;
Ulbrich et al., 2009). Studies considering global circulation
model (GCM) ensembles gave evidence that while the to-
tal number of cyclones is slightly reduced over the Northern
Hemisphere, the number of extreme storms may increase (e.g.
Lambert and Fyfe, 2006; Leckebusch et al., 2006). Further,
Stephenson et al. (2006) documented that most GCMs show
a tendency towards more positive NAO under future climate
conditions. Based on ECHAM5/OM1 (hereafter ECHAM5) en-
semble simulations, Bengtsson et al. (2006) and Pinto et al.
(2007b) did not find an overall increase of extreme systems
with enhanced greenhouse gas forcing on hemispheric terms,
but only over limited regions, e.g. over the eastern NA close to
the British Isles. These changes are in turn associated with an
extension of the polar jet into Europe (cf. Pinto et al., 2007b,
their fig. 7) and an increased pressure gradient over Europe (Fink
et al., 2009, their fig. 9) under future climate conditions. This
region is the most important path for storms affecting Central
Europe. Accordingly, enhanced extreme wind speeds over West-
ern Europe are detected in regional climate models (RCMs; e.g.
Beniston et al., 2007). Hence, enhanced loss potentials have been
estimated for Western/Central Europe under future climate con-
ditions (cf. Leckebusch et al., 2007; Pinto et al., 2007a). These
results are not consensual and may be sensitive to the choice of
GCMs/RCMs, scenarios, and methodologies to assess cyclone
intensity/numbers, deep cyclone-induced storminess, strong sur-
face winds or losses (e.g. Beniston et al., 2007; Christensen et al.,
2007; Raible et al., 2008; Ulbrich et al. 2009).
This work presents the development of a statistical–dynamical
regionalization approach to infer possible changes in wind storm
impacts due to climate change (cf. flowchart in Fig. 1). As an
example, this approach is applied to the state of North Rhine-
Westphalia (NRW, cf. Fig. 2), using the FOOT3DK mesoscale
simulations to dynamically downscale the wind fields, and
ECHAM5 GCM climate projections. First, FOOT3DK simu-
lations are done for each of the weather developments. Consid-
ering the relative frequency of the weather developments, the
local wind gust climatology for present climate conditions is
derived. Additionally, historical storms are simulated, and their
wind gust fields (normalized with the wind climatology) are as-
signed to insured losses attributed to the storms’ passage. This
allows for the derivation of loss functions for recent climate con-
ditions. Taking into account frequency changes of the weather
developments under future climate conditions, the method per-
mits the computation of wind climatologies for future climate
Fig. 1. Flow chart describing the steps for the statistical–dynamical
downscaling methodology. With this methodology, climate parameters
from the global scale are transferred to the regional scale. ANA:
reanalysis data; GCM: global circulation model; PCA: principal
component analysis. For further details see text.
conditions and thus the assessment of wind changes. Finally,
this information and the estimated loss functions for historical
storms allow for an assessment of changes in loss potentials over
NRW.
The paper is organized as follows. Section 2 provides
information on data and models. Section 3 describes the
statistical–dynamical approach and its various components. Re-
sults for historical storms and the derivation of the regional wind
climatology for present climate conditions are presented in Sec-
tion 4.1. Section 4.2 deals with the impacts of anthropogenic cli-
mate change on the wind climatology and loss potentials, while
Section 4.3 focusses on the relevance of individual storm events.
A short discussion concludes this paper.
2. Data and models
For this study, we consider different climate data sets: reanaly-
sis data (ERA-40/ECMWF and NCEP) for recent day climate,
RCM simulations with FOOT3DK for dynamically downscal-
ing, wind data from German Weather Service for validation,
ECHAM5 GCM climate projections, and insurance data to es-
timate loss potentials. ERA-40 reanalysis data (Uppala et al.,
2005; hereafter ERA) from European Centre for Medium Range
Weather Forecasts (ECMWF) are used as boundary conditions
for RCM simulations. ERA data is available on N80/T159 spec-
tral truncated grids, corresponding roughly to 1.125◦ × 1.125◦,
and has a 6-hourly time resolution. Data from January 1990 to
February 2002 are used for the first 22 storms (cf. Table 1). For
October 2002 to March 2004 (six storms), ECMWF Analysis
is used at the same spatial and temporal resolution as ERA.
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Fig. 2. (a) Weather chart corresponding to the passage of the cold front from Anatol over Germany on 00 UTC 4 December 1999 (taken from the
Europa¨ischer Wetterbericht, 1999). The location of the study area is indicated by the black box. (b) Study area with NRW borders (black line),
orography (colours, in m a.s.l.) and region names as given in the text.
Table 1. List of historical storms. Date, name (as given by the German Weather Service), and
attributed cluster
Date Storm Cluster Date Sturm Cluster
25 January 1990 Daria 30 28 October 1998 Xylia 21
4 February 1990 Herta 10 5 February 1999 Lara 18
8 February 1990 Judith 17 3 December 1999 Anatol 18
14 February 1990 Ottilie/Polly 30 30 January 2000 Kerstin/Liane 21
26 February 1990 Vivian 21 28 May 2000 Ginger –
15 January 1993 Verena 34 26 January 2002 Ilona 40
23 January 1993 Barbara 18 28 January 2002 Jennifer 17
9 December 1993 Quena 5 26 February 2002 Anna 30
25 February 1997 Gisela/Heidi 30 27 October 2002 Irina/Jeanett 5
28 March 1997 Sonja 18 21 December 2003 Jan 44
11 April 1997 Waltraud – 13 January 2004 Gerda/Hanne 30
29 June 1997 Ulla – 1 February 2004 Queenie 40
5 January 1998 Desiree/Fanny 30 8 February 2004 Ursula 20
4 March 1998 Elvira/Farah 5 21 March 2004 Nina/Oralie 5
Note: Only storms between October and March are assigned to a cluster.
Comparison of RCM simulations with ERA and ECMWF Anal-
ysis for the same storm (e.g. Anna, cf. Tab.1) show no system-
atic bias. Clustering storm-related weather developments make
use of NCEP reanalysis (Kistler et al., 2001; hereafter NCEP)
with 2.5◦ × 2.5◦ resolution at 12-hourly intervals for the period
October 1958 to March 2004. Comprising a longer time period
and being constantly updated, this compensates the limitation
of the coarse resolution of NCEP. This study focuses on winter
(October–March), as wind-related damage in Europe is caused
mostly by winter storms (see e.g. Klawa and Ulbrich, 2003).
Although some historical storms are actually not in winter (see
Table 1), such events belong to the weaker storms included on
the list.
The flow conditions associated with the passage of storms
over Western Germany are simulated with FOOT3DK. This
model was developed for flow and dispersion simulations over
complex orography (e.g. Bru¨cher et al., 2001) and has since
been used in many different applications (e.g. Shao et al., 2001;
Heinemann and Kerschgens, 2005; Sogalla et al., 2006). Detailed
information on the model physics and the nesting procedure is
given in Shao et al. (2001). For the present application, we con-
sider a double nesting: the first simulation is performed with
Tellus 62A (2010), 2
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Fig. 3. Maximum wind gusts (in m s−1) during the episode of storm Anatol (2–4 December 1999) based on (a) the 20 km × 20 km and (b) the
5 km × 5 km FOOT3DK simulations.
20 km × 20 km resolution (domain size 560 km × 620 km,
Fig. 3a) using ERA boundary conditions. In a second step,
FOOT3DK is run with 5 km × 5 km resolution (300 km ×
300 km; includes NRW and bordering areas, Fig. 3b) using the
20 km × 20 km run as boundary conditions. Simulated fields
for the 72 hr centered on the passage of the storm over West-
ern Germany are evaluated. FOOT3DK produces all necessary
parameters for the application of the WGE-method. The WGE
method is run as an ‘online’ diagnostic, i.e. the wind gusts are
computed at each internal model step, and are therefore treated
as an additional model output. The simulated wind gusts tend to
be closer to observations for stronger storms. For weaker storms,
wind gust estimates are typically too high. Station data from the
German Weather Service (16 stations) was used to validate the
obtained wind gust estimates (cf. Pinto et al., 2009a).
Furthermore, coupled GCM simulations of the ECHAM5 are
taken into account (T63, 6-hourly data; cf. Jungclaus et al., 2005;
Roeckner et al., 2006). The GCM data is used to assess possible
changes in the frequency of the weather developments between
recent and future climate conditions. Additionally, changes in
frequency and intensity of cyclones and surface winds are con-
sidered. Simulations for both recent climate (with historical
forcing reaching 367 ppm of CO2 concentrations in the year
2000; hereafter 20C) and enhanced GHG-forcing (SRES sce-
narios A1B and A2, reaching CO2 concentrations of 703 and
836 ppm in the year 2100, respectively; cf. Nakic´enovic´ et al.,
2000) are considered. Three ensemble runs per scenario are
used. Climate signals refer to changes between 2060–2100 and
1960–2000 in terms of ensemble averages. These periods were
chosen in order to allow a comparison with previous studies by
the authors.
Finally, homeowners’ comprehensive insurance loss data for
the 28 historical storms (Table 1) is considered. This data is
available for individual postal codes: for 1990–1992 for 4-digit
postal codes (e.g. 5000), after 1993 for 5-digit postal codes
(e.g. 50937). The total number of postal codes is 438 and 864,
respectively. A 5-digit postal code in NRW covers an average
area of about 15 km2. Additionally, reference total sums insured
for homeowners’ comprehensive insurance loss data for each
postal code are available for every calendar year. These annual
sums are indexed to a common reference value in order to com-
pare different years (i.e. the effects of inflation and increase in
insured values were removed from the time series). For further
computations, we use loss ratios between occurred losses and
total sums insured per postal code. Loss data was obtained from
Westfa¨lische Provinzial AG and Deutsche Ru¨ckversicherung AG
in a joint research activity documented in Pinto et al. (2008).
Additional data was provided by Provinzial Rheinland AG.
3. Statistical–dynamical regionalization method
This statistical–dynamical regionalization method was devel-
oped to assess the influence of climate change on wind storms
impacts. In several consecutive steps, and starting with the analy-
sis of the weather developments, the implications of the detected
changes in terms of large-scale circulation (at GCM resolution)
under future climate conditions are derived for regional and local
scales. Our approach is similar to Fuentes and Heimann (2000),
who developed their method specifically for alpine precipita-
tion. As we include the weather developments described in L08
and FOOT3DK simulations validated in Pinto et al. (2009a), the
following description focuses on the novel aspects of the present
work and on its application to NRW.
The main concept is summarized in the flowchart shown in
Fig. 1. In a first step, the typical weather developments over
the NA and Europe (defined as 35◦W to 35◦E, and 35◦N to
70◦N) are investigated by means of an objective cluster analysis
(cf. L08). The clustering approach uses 12-hourly NCEP
1000 hPa geopotential height fields as an input variable. Only
data from October through March is considered. A principal
Tellus 62A (2010), 2
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component analysis is initially performed, retaining the 6 signif-
icant leading principal components (determined using the ‘Rule
N’-algorithm from Preisendorfer, 1988). The clustering itself
is applied to 3-d periods constructed with these six principal
components using a ‘K-means’ clustering algorithm. To select
the optimum cluster classification (minimization of the objective
function, cf. Hartigan and Wong, 1979), many different starting
partitions were tested. Sensitivity tests showed that the most suit-
able number of clusters was 55. The applied method permits the
characterization of the time evolution of the regarded synoptic
developments.
For Central Europe, L08 identifies four PSCs, which feature
almost 72% of the historical extreme storm events and add only
to 5.17% of all the cases. Their main characteristics are:
1. PSC 5 episodes feature cyclones travelling from the North-
east Atlantic into the Baltic area with rising core pressure
(cf. Fig. 4 for an example).
2. PSC 18 episodes are characterized by the transition from
zonal to northwesterly flow above Central Europe featuring
strong pressure gradients.
3. PSC 21 episodes feature deepening cyclones above the
Norwegian Sea, which weaken and move slowly southeastward.
4. PSC 30 episodes are characterized by stationary steering
lows between Iceland and Great Britain, with secondary lows
propagating zonally over Central Europe.
These PSCs correspond respectively to PSC2, PSC4, PSC3
and PSC1 from L08. Further details and examples on the PSCs,
including their associated cyclone tracks and wind finger prints
over Europe, can be found in L08. These PSCs do not consist ex-
clusively of extreme wind episodes: weather developments with
similar (but weaker) pressure anomalies than a storm event (cf.
Fig. 4) may also be assigned to a PSC. Clusters which rarely
include storms are named secondary storm clusters (SSCs).
In order to maintain the coherence with L08, we have kept
their choice of SSCs, even though a few of the NRW storms
(cf. Table 1) do not occur in any of the SSCs selected by L08.
In a second step, the regional wind gust climatology is de-
rived: simulations with FOOT3DK are performed for selected
episodes for each of the 55 clusters (cf. flowchart in Fig. 5a). The
number of individual simulations depends on the relevance of
each cluster with respect to the upper percentiles of the wind gust
climatology: eight simulations are performed for PSCs, four for
SSCs, and one for all others (no storms). This optimized num-
ber of simulations per cluster aims at enhancing the resolution
(a) (b)
(d)
(f )
(c)
(e)
Fig. 4. Development of 1000 hPa geopotential height fields for a PSC 5 episode (3–5 October 1990). (a) 00 UTC 3 October, (b) 12 UTC 3 October,
(c) 00 UTC 4 October, (d) 12 UTC 4 October, (e) 00 UTC 5 October and (f) 12 UTC 5 October. This episode is one of the nearest to the PSC 5
centroid. Values are given in gpm, negative values are represented as dashed lines.
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Fig. 5. Flow chart describing computation of wind gust climatology. (a) For each weather development, RCM simulations are performed for
selected episodes. Defined area and isoline contours for weather developments as Fig. 4, defined area and isoline contours for RCM simulations as
Fig. 3b. Combining all RCM simulations for all clusters, the wind gust distribution is derived for each grid point. Panel (b) show an example of such
wind gust distribution. For further details see text.
of the upper tail of wind gust distribution. The total number of
simulations is 110. The selection of episodes is done subjec-
tively among members close to the cluster centroid. However,
care is being taken to include episodes of different ‘intensities’
(in terms of regional 1000 hPa geopotential height gradients).
The wind climatology is derived from the RCM simulations and
the relative frequency of the clusters. For each simulation and
grid point, half-hourly wind gust values simulated during the
72 hr period are extracted. The full distribution for a grid point
(cf. Example in Fig. 5b) is the sum of all those partial contribu-
tions weighted with the relative frequency of each cluster. For
clusters with multiple simulations (PSCs and SSCs), all runs
are considered equally for the contribution of that cluster to the
climatology. Next, the local 98th wind gust percentile values are
derived. This threshold corresponds to the value above which
damage may be expected (Klawa and Ulbrich, 2003). This value
is used later to normalize the simulated wind gust estimates for
the historical storms.
The wind climatology for future climate conditions
(2060–2100) is derived in the same way but using ECHAM5
data (cf. Fig. 1). We make the assumption that, on a first approx-
imation, only the frequency of each of the synoptic developments
may change. With this aim, the frequencies of the weather de-
velopments are computed for present (20C, 1960–2000; as a
reference) and future climate conditions(2060–2100; both A1B
and A2 scenarios). In terms of the clustering approach, the cli-
mate change signal is constructed by projecting the GCM data
onto the empirical orthogonal functions attained from NCEP
(cf. L08; their section 3.2). We consider the same clusters for
both NCEP and ECHAM5 data and obtain comparable data sets
for later analysis. However, similar clusters are obtained when
the methodology is applied to GCM data directly (not shown).
Tellus 62A (2010), 2
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(a) (b)
Fig. 6. (a) Climatological values of the 98th
wind gust percentile for North
Rhine-Westphalia. (b) Maximum wind gusts
for storm Anatol (as shown in Fig. 3b)
normalised with (a). Data are presented for
postal all codes (864 in total).
For the downscaling part, the FOOT3DK simulations considered
for the NCEP-based climatology are used anew.
4. Results
4.1. Application to reanalysis data
In a first step, 28 storms which significantly affected Western
Germany between 1990 and 2004 with respect to losses are se-
lected (Table 1). For these storms, wind gust fields over NRW
are simulated with FOOT3DK. Storm Anatol (Fig. 2a) is given
as an example. Maximum wind gust values associated with its
passage are shown in Fig. 3. The strongest gusts for most of the
grid points over NRW are simulated around 18 UTC 3 Decem-
ber, dominating the wind finger print shown in Fig. 3. For the
20 km × 20 km simulation (Fig. 3a), the largest wind gusts over
NRW are simulated over the southwestern (Eifel) and north-
western (Mu¨nsterland) parts. In the 5 km × 5 km run, the spatial
pattern of maximum wind gusts is slightly different (Fig. 3b):
the largest values are identified over Eifel and central NRW
(Ruhr, where urban areas dominate), while the northwest is less
affected. The main differences between the two runs may be
attributed to the orography, which is better represented in the
higher resolution run, resulting in a more realistic simulation of
the local flow patterns. Detailed information on the validation
against 16 synoptic stations can be found in Pinto et al. (2009a).
Maximum wind gust fields for each storm are transposed from
the model grid to the postal codes (see Section 3). This allows
for an assignment to the insurance loss data. We assume that the
occurred damage at any location is directly related to the local
maximum wind gust, and thus consider only the maximum value
during the 72-hr period. These gust values are normalized with
the local 98th wind gust percentile (shown in Fig. 6a), which is
representative for the reanalysis period. This approach is based
on the assumption that construction is adapted to local wind
conditions (cf. Klawa and Ulbrich, 2003). Hence, areas prone
to being affected by losses can be identified. Fig. 6a shows
the climatological 98th local wind gust percentile for all postal
codes: darker areas indicate higher wind gusts than lighter areas.
The largest values are found over Eifel (around 23 m s−1), while
over Niederrhein area (further north), the values are somewhat
weaker (around 17 m s−1). Altogether, it documents the influence
of orography and/or urban areas on the modulation of wind gust
fields under the dominant westerly/northwesterly flow. The 98th
percentile wind gust values shown in Fig. 6a agree well with
similar estimates obtained for 16 synoptic stations in NRW (not
shown). As an example of a normalized with gust field, Fig. 6b
shows results for Anatol (cf. Table 1). The largest values are
found for the central and northern NRW, where values exceed
the (climatological) 98th percentile values by more than 50%.
The wind gust finger prints (at high spatial resolution) for all 28
storms are obtained in such a manner.
Normalized wind gust fields for all 28 storms are now com-
pared with the insurance loss data. This enables the derivation
of loss functions for the recent past by relating over 20 0001
single damage values to normalized wind gusts values. The best
functional relationship between both data sets (smallest mean
square error) is found using exponential fits. Depending on the
selected region, an empirical function with a power slightly
lower than five is estimated. This estimate is on the upper range
of the power values suggested by Munich Re (2002) based on
the evaluation of the December 1999 storms (4–5 power). Based
on these loss functions, the average expected value of claims is
obtained by integrating the normalized wind gust values above
one (i.e. >98th percentile) over the estimated losses. This value
is an approximation for the potential annual losses of an area
relative to others, and is valid for the historical period.
4.2. Climate change signal based on ECHAM5 data
In this section, we investigate possible changes of the local wind
climatology over NRW under anthropogenic climate change us-
ing ECHAM5 simulations for present (20C, 1960–2000) and
future climate conditions (A1B and A2 scenarios, 2060–2100).
First, the relative frequencies of the 55 clusters are determined
for 20C ensemble runs, showing some biases in comparison
1 The given number in excess of 20 000 is the sum of all postal code loss
values (either 864 or 438) multiplied by the number of historical storms
(28) modelled with FOOT3DK.
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Table 2. Relative frequencies for PSCs and SSCs for NCEP and
ECHAM5 20C, A1B, and A2
Cluster NCEP 20C A1B A2
5 1.91 1.93 2.47 2.46
18 1.39 1.09 1.10 1.27
21 0.66 0.55 0.69 0.78
30 1.22 1.06 1.45 1.62
4 2.37 2.10 2.18 2.25
6 2.11 2.03 2.38 2.40
10 1.56 2.01 2.26 2.41
11 0.82 1.69 1.50 1.93
17 2.14 2.23 3.03 3.22
24 1.48 2.52 2.16 2.46
31 1.95 1.85 2.05 2.15
34 1.51 1.70 2.53 2.71
37 1.91 2.35 2.69 2.42
PSCs 5.17 4.63 5.71 6.13
SSCs 15.86 18.47 20.80 21.94
Others 78.97 76.90 73.49 71.93
Notes: The upper part shows the relative frequency of the four PSCs,
the middle part the relative frequencies for SSCs. The aggregated
frequencies for PSCs, SSCs, and others are given in the lower part of
the table.
to the NCEP results (Table 2). To enable a better interpreta-
tion of the climate signal, the A1B and A2 values are corrected
using the ratio between the original 20C and the NCEP val-
ues. Table 3 displays the corrected relative frequency of the
PSCs and SSCs: the relative frequency of PSCs increases for the
A1B (A2) scenario by 22.6% (32.3%). The frequency of PSC
21 and PSC 30 (which have a strong impact on extreme wind
events over Western Germany; cf. L08, their fig. 6) is particu-
larly enhanced. The alterations for PSCs and SSCs relative fre-
quencies are statistically significant at the 99%-confidence level
(Table 3).
Local wind climatologies for the late 21st century are derived
using the corrected relative frequencies (cf. Table 3). The present
climate FOOT3DK simulations are used again (cf. Section 3).
The enhanced number of storms per PSC identified for future
climate conditions is also considered (cf. Appendix). However,
final results with and without this correction are very similar.
Figure 7 shows the modifications of the wind gust distribution
for a selected single grid point as example: the blue line cor-
responds to the discrete distribution (in 0.1 m s−1 intervals) for
present climate conditions, while the red (green) line indicates
the changed distribution for A1B (A2) conditions. The inset of
Fig. 7 focuses on the change of the tail end of the distributions,
and the 98th wind gust percentiles are marked as vertical lines.
The relative changes of the 98th wind gust percentiles are shown
in Fig. 8 for all postal codes. Only small changes are detected
(typically below 0.5 m s−1) for the A1B scenario, while they
reach 5–6% for the A2 scenario (roughly 1 m s−1). Accordingly,
Table 3. Corrected frequencies for PSCs and SSCs for NCEP and
ECHAM5 A1B and A2
Cluster NCEP A1B A2
5 1.91 2.44 2.43
18 1.39 1.40 1.61
21 0.66 0.82 0.93
30 1.22 1.68 1.88
4 2.37 2.47 2.54
6 2.11 2.49 2.50
10 1.56 1.76 1.87
11 0.82 0.73 0.94
17 2.14 2.91 3.09
24 1.48 1.27 1.45
31 1.95 2.17 2.27
34 1.51 2.25 2.41
37 1.91 2.19 1.96
PSCs (%) 5.17 6.34 (+22.6%) 6.84 (+32.3%)
SSCs (%) 15.86 18.23 (+14.9%) 19.04 (+20.1%)
Others (%) 78.97 75.43 (−4.5%) 74.12 (−6.1%)
Notes: The upper part shows the relative frequency of the four PSCs,
the middle part the relative frequencies for SSCs. The aggregated
frequencies for PSCs, SSCs and others are given in the lower part of
the table. For A1B and A2, the relative frequency change relative to
NCEP is given in %. Significant differences at 99% confidence level
are in bold, t-test on winter basis.
changes are statistically significant (99% confidence level) for
almost all (few) individual postal codes for the A2 scenario
(A1B-scenario) (significance not shown).
Based on these results, possible alterations in expected loss
potentials are assessed. We focus on the hypothesis that no
changes in construction robustness to resist wind storms will
occur in future decades (‘no adaptation’; cf. Pinto et al., 2007a,
their section 6). The average expected value of claims for the
2060–2100 period is obtained using the wind gust distributions
for A1B and A2 and integrating them using the empirical loss
function (cf. Section 4.1). Finally, the difference to present con-
ditions is taken. The data are analysed for subregions of NRW
(typically with about 100 postal codes) to guarantee a sufficiently
large sample. A statistically significant increase of annual av-
erage loss for NRW by +8% (A1B-scenario) and +19% (A2-
scenario) is estimated for NRW (2060–2100 versus 1960–2000).
However, and similar to the pattern shown in Fig. 8, there are
strong regional differences: changes in annual average loss es-
timates range from +5–6% over western NRW to +36% over
Mu¨nsterland and Ostwestfalen.
4.3. Relevance of individual events to climate change
signal
While seeking reinsurance cover for natural catastrophes, an in-
surance company mainly has one fundamental scenario in mind:
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Fig. 7. Example of wind gust distributions for station Exter (postal
code 32602) for present and future climate conditions. The wind gust
distributions shown as relative frequency (ordinate%) versus wind gust
value (abscissa, m s−1). Only running means are shows. Blue:
20C/NCEP; red: A1B; green: A2. The inset below shows a zoom of the
upper tail of the distribution. The 98th percentiles values for each curve
are marked with vertical lines.
a single event (e.g. a severe windstorm like Kyrill in 2007) may
cause enormous damage and may destroy a significant part of
the total sum insured. Reinsurance companies offer a special
contract type to cover this scenario. A Catastrophe Excess of
Loss (Cat-XL) protects the insurer’s portfolio against the part of
the event loss which exceeds a certain amount that is arranged in
the contract (e.g. Liebwein, 2000). Such contracts are typically
renewed each calendar year. Hence, one extreme event may have
a huge impact in the annual balance of an insurance company. In
order to obtain some additional information on these important
aspects, we investigate the contribution of single events to an-
nual losses for Germany. This approach (following Klawa and
Ulbrich, 2003) also considers wind (gust) exceedance of the
local 98th percentile, but unlike the empirical approach used
in the previous sections, assumes a third power function (V3).
This choice of power is motivated by the physical evidence that
the cube of wind speed is proportional to the advection of ki-
netic energy (e.g. as used for wind energy purposes). Here, raw
damage data for individual storms is analysed (cf. Pinto et al.
2007a, their section 3.1.). Due to the low resolution of the GCM,
which includes only one grid point over NRW, considerations
are done for a larger area which includes the whole of Germany.
As NRW is one of the regions in Germany mostly affected by
winter storms, and the large majority of storms hitting Germany
also affect NRW (cf. Deutsche Ru¨ck, 2005), changes of similar
sign and relative intensity may be expected for Germany and
NRW. These facts enable a qualitative comparison between both
approaches.
Results of the number of events and their average raw damage
(LOSS) are shown in Table 4. The data is shown for selected
raw damage thresholds and reveals a significant increase in the
frequency of most extreme storms for future climate conditions
(Table 4, columns A1B, A2). In particular, largest changes are
obtained for storms which affect larger areas, and for which a
higher intensity in terms of vorticity and ‘raw damage’ may be
assumed (cf. Table 6). Furthermore, there is a number of GCM
storms with intensities not found under present climate condi-
tions (raw damage above 1000, on lower part of Table 4). For
each threshold, a rough estimate of the return period (ERP in
Table 4) for storms of this magnitude is given to obtain a hint at
possible changes of return periods of storms of different inten-
sities. This value is determined by simply dividing the number
of years (120, as we have three ensemble members comprising
40 yr) by the number of events (for each threshold). This ap-
proach is simple in comparison to others using extreme value
statistics (e.g. Della-Marta et al., 2009). Hence, our estimated
return period for rare events (lower half of the table) must be
understood as an ‘indicative’ measure only and should thus be
regarded with caution. Our estimated changes in return period
-2 -1 0 +1 +2 +3 +4 +5 (%)
(a) (b)
Fig. 8. Changes of 98th wind gust percentile
for future climate conditions versus present
climate conditions based on transient
ECHAM5 simulations. (a) SRES scenario
A1B minus 20C. (b) SRES scenario A2
minus 20C. Relative changes are given in%.
Data are presented for postal codes (864 in
total). Reference periods are 1960–2000
(20C) and 2060–2100 (A1B, A2).
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Table 4. Raw damage statistics for ECHAM5 20C, A1B and A2
No adaptation Full adaptation
V3 ECHAM-20C ECHAM-A1B ECHAM -A2 ECHAM-A1B-Ad ECHAM-A2-Ad
1 # 506 593 614 506 527
LOSS 43.5 59.29 61.89 48.4 53.58
ERP 0.24 0.20 0.20 0.24 0.23
10 # 250 309 303 256 245
LOSS 83.93 110.29 121.54 91.86 111.01
ERP 0.48 0.39 0.40 0.47 0.49
50 # 109 153 140 108 103
LOSS 163.37 198.52 235.22 184.51 229.37
ERP 1.10 0.78 0.86 1.11 1.17
100 # 65 84 79 65 60
LOSS 227.14 305.22 363.63 260.31 342.90
ERP 1.85 1.43 1.52 1.85 2.00
200 # 25 41 41 23 30
LOSS 369.09 472.35 569.40 476.37 548.59
ERP 4.80 2.93 2.93 5.22 4.00
500 # 6 8 14 7 11
LOSS 600.45 1151.07 1041.83 929.00 933.96
ERP 20 15 8.57 17.1 10.9
700 # 2 7 9 4 6
LOSS 718.64 1233.90 1268.06 1160.66 1234.80
ERP 60 17.1 13.1 30 20
1000 # – 4 5 3 4
LOSS – 1489.08 1623.11 1262.30 1464.97
ERP – 30 24.0 40 30
1500 # 2 2 1
LOSS – 1645.53 2265.47 – 2348.45
ERP – 60 60 – 60+
2000 # – – 1 – 1
LOSS – – 2844.93 – 2348.45
ERP – – 60+ – 60+
Notes: For thresholds defined based on a minimum raw damage (left-hand column), average number (#, upper
row), and average raw damage (LOSS, middle row) of single damage events are shown. The estimated return
periods (ERP) are given in the lower row for each threshold. Reference periods are 1960–2000 (20C) and
2060–2100 (A1B, A2). Columns A1B and A2 correspond to data considering no adaptation to climate change,
columns A1B-Ad and A2-Ad considering full adaptation.
(Table 4) show a clear tendency towards a shortening of return
periods of wind storms under changed climate conditions. In par-
ticular, loss expectations for storms with return periods above
20 yr may increase by a factor of 2 (cf. lower half of Table 4).
An alternative measure for quantifying possible changes in
extreme events is using a rank statistical approach. This method
compares the relative ranking of events (i.e. position in terms
of magnitude) between different data sets and is very robust as
there is no need of any assumptions regarding data distribution
(unlike extreme value statistics). In our case, we analyse changes
of ranking between the different time periods. Results show
clear ranking modifications between future and present climate
conditions: a rank 1 event (the highest raw damage value) for
20C is only rank 8 for A1B and rank 10 for A2 (cf. Table 5).
Even if the statistics with full adaptation (i.e. all buildings are
renewed in order to withstand future wind climate; cf. Pinto
et al., 2007a; their section 6) are considered, a rank 1 event for
present climate conditions becomes rank 5 for A1B and rank 7
for A2 (both 2060–2100). Even for full adaptation, results still
show a significant increase in average cost per storm, while the
changes in the number of events (and hence the shortening of
the return periods) is only detectable above the 200 raw damage
threshold (Table 4, rows 4–5).
5. Discussion and conclusions
The present work documents the development and application of
a statistical–dynamical regionalization approach to infer possi-
ble changes in wind storm impacts for future decades. Our anal-
ysis identifies increased values of upper wind percentiles over
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Table 5. Rank statistics for raw damage events for ECHAM5 20C, A1B and A2
No adaptation Full adaptation
# ECHAM-20C ECHAM-A1B ECHAM -A2 ECHAM-A1B-Ad ECHAM-A2-Ad
1 720.5 1776.5 2844.9 1419.8 2348.5
2 716.8 1514.5 1686.0 1254.6 1432.6
3 573.7 1406.8 1316.8 1112.5 1077.0
4 537.1 1258.4 1207.2 855.7 1001.8
5 533.2 912.0 1060.6 653.7 790.7
6 521.4 901.5 908.1 646.6 758.2
7 413.1 867.5 847.4 560.0 661.8
8 398.2 571.2 772.4 402.6 625.9
9 373.2 496.8 769.1 374.1 559.1
10 362.1 494.1 697.9 363.3 514.5
11 347.5 488.0 679.3 354.6 503.4
12 322.7 427.4 618.0 318.5 491.7
13 320.6 420.5 600.5 298.4 475.3
14 320.5 414.5 577.4 295.4 468.4
15 316.9 407.1 483.1 271.2 392.8
16 293.1 390.5 477.8 266.7 352.1
17 288.1 384.6 447.6 237.8 348.4
18 285.2 384.6 444.3 237.5 346.6
19 266.8 348.0 440.9 214.5 336.3
20 254.8 295.9 407.2 210.7 309.2
Notes: Listed are the raw damage values for the top 20 events for each data set. Reference periods
are 1960–2000 (20C) and 2060–2100 (A1B, A2). Columns A1B and A2 correspond to data
considering no adaptation to climate change, columns A1B-Ad and A2-Ad considering full
adaptation. For all A1B and A2 columns, values larger than rank 1 for 20C (720,5) are in bold.
Western Germany using transient ECHAM5 ensemble simula-
tions and FOOT3DK for dynamical downscaling. In particular,
largest 98th wind gust percentile changes are observed for north
and north-eastern NRW (up to 1 m s−1 for the A2 scenario,
which corresponds to around +5%), while alterations are com-
paratively small in the southwest. The resulting increase in an-
nual average losses for NRW are +8% (A1B) and +19% (A2),
respectively. In regional terms, the largest changes in insured
losses are again found for north and northeastern NRW, where
the annual average losses may increase by up to 36%. Addition-
ally, we have identified an increased number of events affecting
Germany for future climate conditions. Considering only storms
with return periods above 20 yr, loss expectations may increase
by a factor of 2. Accordingly, shifts in the storm ranking be-
tween present and future climate conditions are identified. This
analysis gives evidence of a significant change in the frequency
and intensity of storms over Germany in future decades.
These results are consistent with, e.g. Bengtsson et al. (2006)
and Pinto et al. (2009b), who identified an increased number of
extreme cyclones moving over the British Isles and the North Sea
(hence directly affecting Western Germany) in ECHAM5 sim-
ulations. For this area and the same GCM simulations, Della-
Marta and Pinto (2009) identified significantly shorter return
periods of intense storms at the end of the 21st century (us-
ing the Laplacian of mean sea level pressure as a measure of
cyclone intensity), which agrees with the increase of loss ex-
pectations estimated in the present study. Estimated changes in
terms of wind gusts and average losses obtained in the present
study are consistent with results using the direct ECHAM5 out-
put (Pinto et al., 2007a), even though our changes of upper wind
percentiles are typically weaker. Our results agree better with
Fink et al. (2009), who estimate changes in extreme wind gusts
using RCM simulations driven with ECHAM5 boundary condi-
tions (cf. their fig. 10). The differences to both previous studies
may be attributed to different methodologies applied.
The developed methodology is easily applicable to other
nearby regions. While the statistical part of the methodology
will remain unchanged (clusters are valid for western and cen-
tral Europe as a whole), RCM simulations for new domains (e.g.
entire Germany) will be necessary to dynamically downscale the
wind finger prints. Hence, the proposed statistical–dynamical
approach may be potentially used in a much wider scope, which
would help to assess uncertainties, and presents a valid alterna-
tive to pure dynamical or pure statistical approaches for climate
change studies (e.g. Beersma and Buishand, 2003; Jacob et al.,
2007).
Focussing on climate change, our analysis of ECHAM5 sce-
narios reveals an increased number of storms within the PSCs
for the end of the 21st century. This result suggests further
investigations focussing on how the frequency of wind storms,
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cyclone frequencies, intensities, and associated mean sea level
pressure gradients may change within each of the PSCs and
SSCs. While previous studies point to significant changes in
these variables due to climate change (e.g. Leckebusch et al.,
2006; Pinto et al., 2007b; Fink et al., 2009), it is necessary
to analyse which (and to what extend) weather developments
(particularly the PSCs) are affected, thus providing a better es-
timation of wind changes on a regional scale.
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7. Appendix: analysis of storm changes for PSCs
Previous results by the authors have shown that annual loss (and
particularly its standard deviation) may significantly increase
during the 21st century (e.g. Pinto et al., 2007a) due to an en-
hanced frequency of extreme cyclones affecting Europe (e.g.
Pinto et al., 2007b; Della-Marta and Pinto, 2009). Here, we have
analysed if the number of wind storms within the PSCs remains
unchanged (or not) under future climate conditions. Only storms
leading to exceedance of the 98th percentile over a large area
of Germany are considered. Thresholds of 6, 9 and 13 affected
grid points are chosen, corresponding roughly to 35, 53 and
65% of the surface of Germany (17 grid points in total). Results
show that the number of wind storms per PSC increases with
a larger magnitude (Table 6) than the relative frequency of the
PSCs themselves (cf. Table 2). This is particularly clear for the
larger storms affecting at least half of Germany (9 and 11 grid
Table 6. Total number of storms for ECHAM5 20C, A1B and A2
Storm Cluster 20C [N] A1B-20C [%] A2–20C [%]
1/3 05 47 +93.6 +57.4
(6 GP) 18 40 +15.0 −22.5
21 26 +100.0 +15.4
30 27 +77.8 +100.0
Sum 140 +69.29 +35.0
1/2 05 24 +141.7 +62.5
(9 GP) 18 21 +38.1 0.0
21 13 +176.9 +46.2
30 19 +42.1 +94.8
Sum 77 +94.8 +50.7
2/3 05 13 +176.9 +76.9
(11 GP) 18 15 +20.0 −26.7
21 9 +144.4 +44.4
30 12 +58.3 +100.0
Sum 49 +93.9 +44.9
Notes: Total number of storms for 20C (in GCM 120 yr) and relative
changes (%) for A1B-20C and A2–20C are given for each PSC (5, 18,
21, 30). Values are listed for different thresholds based on the extension
of the affected area over Germany: 1/3 at least 6 grid points; 1/2 at least
9 grid points; 2/3 at least 11 grid points (total number is 17). Sums of
all four PSCs are given in bold.
points), and for PSC 5 and 21. Typically, such storms are also
more intense (using the Laplacian of mean sea level pressure as
measure, an approximation of relative geostrophic vorticity; cf.
Murray and Simmonds, 1991; Pinto et al., 2005), as verified by
analyzing the associated cyclone track data (not shown). This is
a clear evidence that the frequency of large/intense storms within
the PSCs does change for future climate conditions. This effect
is taken into account by adjusting the weights of the FOOT3DK
simulations when computing the regional climatology for future
climate conditions. The effects of this correction for the clima-
tology (in particular for 98th percentile) and in terms of climate
change impacts are quite small. The possibility to consider such
aspects is one of the advantages of statistical–dynamical meth-
ods compared to purely dynamical approaches.
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